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Regeneration of a lost appendage in adult amphibians and fish is a remarkable feat of developmental
patterning. Although the limb or fin may be years removed from its initial creation by an embryonic primor-
dium, the blastema that emerges at the injury site fashions a closemimic of adult form. Central to understand-
ing these events are revealing the cellular origins of new structures, how positional identity is maintained, and
the determinants for completion. Each of these topics has been advanced recently, strengtheningmodels for
how complex tissue pattern is recalled in the adult context.Introduction
Regeneration in the simplest terms of developmental biology
means the replacement of tissue components lost by injury.
Oftentimes, a regenerative responsemaybeof little consequence
in the face of a more significant repair response like scarring. For
instance, the adult mammalian heart has a measurable, but
severely limited, capacity to create newcardiacmuscle cells after
amyocardial infarction, and fibrosis is the dominant outcome (Ki-
kuchi and Poss, 2012; Laflamme and Murry, 2011; Senyo et al.,
2013). Regenerative responses can be compensatory, restoring
functional mass but not necessarily the structures that were
lost; for example, rodent hepatic tissue is recovered in spared
lobes after hepatotectomy but is not created at the injury site
(Michalopoulos, 2007). Additionally, spatiotemporal variables
restrict many or most regenerative events, making the extent or
type of injury, and the developmental stage or age of the injured
animal, key variables (Poss, 2010). Regeneration in its most suc-
cessful form restores an intricate pattern to a lost complex tissue,
generating a near-perfect replica even at adult stages.
An adult newt that has had one or more limbs amputated
will restore skeletal muscle, bone, nerves, connective tissue,
epidermis, and vasculature to a form that can be indistinguish-
able from its preinjury appearance. These events occur robustly
whether at digit- or shoulder-level, and have been considered by
many as regeneration in its truest manifestation. The Italian
scholar Spallanzani initiated questions in the mid-18th century
about the memory and recovery of complex adult pattern during
newt limb regeneration that have remained in many ways unan-
swered (Spallanzani, 1768), and later that century bony fish were
shown to regenerate amputated fins (Broussonet, 1786). At the
time, luminaries like Spallanzani and Bonnet debated whether
regeneration is a version of preformation relying on ‘‘germs’’ or
miniature versions of adult structures (Dinsmore, 1991). This
concept faded as experimental embryology surged a century
later and whenMorgan studied regeneration in various creatures
prior to his better-known work in Drosophila genetics. Morgan
classified appendage regeneration as an ‘‘epimorphic’’ process
that hinges on cell proliferation at the injury site, and some of his
important investigations of regeneration involved the study of
pattern renewal after a series of elaborate amputation injuries
to killifish fins (Morgan, 1901).
Axolotls have become a popular model for limb regeneration,
and zebrafish for fin regeneration, because of the research toolsthat have been developed for studying these animals. Teleost
fins and urodele limbs are structurally distinct, but it is clear
from years of work that they progress through similar funda-
mental regeneration stages. Following an amputation injury,
epithelial cells migrate to cover the wound site, and a multilay-
ered epidermis forms. Proliferation in the underlying mesen-
chymal compartment, which is controlled in part by influences
of the wound epidermis, generates a cell mass called the blas-
tema.Multiple structures and factors have been shown tomodu-
late blastemal proliferation, including nerves, specialized glands,
vasculature, and activators/inhibitors of classic developmental
signaling pathways (Kumar and Brockes, 2012; Nacu and Ta-
naka, 2011). In limbs, the blastema grows to a large mass that
is then patterned into the upper arm, lower arm, and hand seg-
ments. In regenerating fins, new structures grow by a process
that maintains a proliferative blastemal compartment in the distal
region of each individual bony fin ray, while simultaneous osteo-
blast patterning events occur proximal to this growth to direct
bone matrix deposition. In each case, pattern is restored across
multiple axes to the complex structure.
Appendage regeneration has been reviewed many times, and
key aspects and classic experiments not covered here are
examined in recent publications (Kumar and Brockes, 2012;
Monaghan and Maden, 2013; Nacu and Tanaka, 2011; Simon
and Tanaka, 2013). We focus here on features of regeneration
that arguably are most germane to the lost form that is recov-
ered: activating the cellular sources, recalling positional identi-
ties, and slowing/stopping the process. Very recent discoveries
we discuss here (and others outside the scope of this review)
have established pivotal concepts and mechanisms that are
anticipated to direct future investigations of appendage regener-
ation.
The Starting Materials
Much has been learned from studies of developing embryos
about how appendages first form and acquire skeletal pattern
along the proximodistal (PD), anteroposterior (AP), and dorso-
ventral (DV) axes (Zeller et al., 2009). This information has been
applied to generate molecular markers and to suggest mecha-
nisms of various aspects of limb regeneration (Nacu and Tanaka,
2011). Yet, while a limb bud forms and is patterned concomi-
tantly with morphogenesis of other tissues in the embryo proper,
a blastema emerges from cells engaged in the homeostasis andDevelopmental Cell 29, April 28, 2014 ª2014 Elsevier Inc. 139
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that may have reached its final developmental stage years prior
to insult. Knowing which cells give rise to the blastema, and
whether these cells maintain or switch lineages, is the terminus
a quo for most questions in appendage regeneration.
The source or sources of the blastema, and the diversity and
developmental potential of its cellular constituents, have been
under continual investigation for several decades. For some in
the field, the term ‘‘blastema’’ has implied a homogeneous pop-
ulation of stem cells, each with an equal ability to differentiate in
one of multiple directions. Additionally, the dominant view in
appendage regeneration has been that blastemal cells are pri-
marily derived from the reversion of a differentiated state—
commonly referred to as ‘‘dedifferentiation,’’ and at its extreme
is analogous to reprogramming phenomena induced by defined
factors. In 2009, Kragl and colleagues examined this first idea by
specifically labeling most major limb cell types in the axolotl by
grafting the embryonic region that produces that limb tissue
from green fluorescent protein (GFP)-labeled transgenic donors
into unlabeled host embryos, or by directly grafting a specified
GFP+ limb tissue to an unlabeled host (Kragl et al., 2009). Their
analyses of labeled, regenerating limbs produced a theme of
lineage restriction. That is, regenerated cell types largely retain
their developmental identity as they transition through the blas-
temal stage, and do not normally demonstrate a potential to
create diverse cell types. These findings support the idea of a
compartmentalized, rather than homogeneous, blastema.
Transgenic technologies have also matured rapidly for the ze-
brafish model system, and recent studies asked similar ques-
tions with respect to the different cell types in regenerating fins
by genetic fate-mapping and mosaic transgene analysis (Knopf
et al., 2011; Singh et al., 2012; Sousa et al., 2011; Stewart and
Stankunas, 2012; Tu and Johnson, 2011). These studies indi-
cated that fin cells largely remain restricted to give rise to like
cells, whether they are epidermis, endothelium, fibroblasts, or
osteoblasts. Along with lineage-tracing of various cell types dur-
ing mouse digit tip regeneration and even crustacean limb
regeneration, the results support an evolutionarily conserved
model of a compartmentalized blastema (Konstantinides and
Averof, 2014; Lehoczky et al., 2011; Rinkevich et al., 2011).
From this composite of work, several interesting questions
arose, with some of these questions addressed in more recent
studies. For example, to what extent are tissue origins develop-
mentally plastic; in other words, can secondary sources be
induced to replace lost cells? In fins, which contain intramem-
branous bone and lack skeletal muscle, osteoblasts are the pri-
mary cell type of interest, and Cre-recombinase-based fate
mapping demonstrated that osteoblasts only give rise to other
osteoblasts (Knopf et al., 2011). Yet, when the vast majority of
fin osteoblasts were genetically ablated, Singh et al. (2012) found
that osteoblasts recovered and fins regenerated with normal rate
and pattern. In this scenario, newly formed osteoblasts could not
be traced to preexisting osteoblasts and ostensibly regenerated
de novo from a secondary source (Singh et al., 2012). Thus, there
is a degree of plasticity that allows other cell types to make
osteoblasts under unique conditions, although the identities of
these alternative source cells remain to be uncovered by infor-
mative molecular markers and lineage-tracing. Classic experi-
ments in salamander limbs suggest that analogous plasticity140 Developmental Cell 29, April 28, 2014 ª2014 Elsevier Inc.exists in amphibians (Dunis and Namenwirth, 1977; Namenwirth,
1974; Thornton, 1938).
As alluded to above, it is possible that lineage restriction in-
volves dedifferentiation to enable a proliferative state, but acti-
vation of a restricted progenitor cell is also a plausible mecha-
nism. During zebrafish fin regeneration, live imaging visualized
the reduction in expression of osteocalcin, a factor secreted
by differentiated osteoblasts. This change, and ultrastructural
changes detectable by electron microscopy, indicated that
osteoblasts undergo some degree of dedifferentiation (Knopf
et al., 2011). The key limb cell type to assess in this respect is
skeletal muscle, which regenerates via a satellite cell compart-
ment in mammals but has been investigated over many de-
cades as a potential example of dedifferentiation in salaman-
ders. Various studies examining histology, transplanted cells,
or in vitro cultured myotubes have supported the idea that mus-
cle dedifferentiation occurs as the newt blastema forms (Kumar
et al., 2000, 2004; Lo et al., 1993; McGann et al., 2001). How-
ever, salamanders are known to contain a PAX7+ satellite cell
population, and transplanted newt satellite cells have been
shown to support new muscle regeneration (Morrison et al.,
2006).
Using Cre-loxP genetic fate mapping during limb regeneration
in newts and axolotls for the first time, Guzma´n and colleagues
recently reassessed the endogenous contributions by these
two potential sources (Sandoval-Guzma´n et al., 2014). The au-
thors tagged differentiated muscle cell nuclei in newts via a tran-
sient transgenic genetic fate-mapping approach and then traced
the labeled cells through regeneration. They found that labeled
myofibers trace into the blastema after amputation, where they
occasionally mark cells positive for a proliferation marker and/
or negative for a contractile marker. There was no evidence
that muscle satellite cells were derived from labeled myofibers
(Figure 1A). At later stages of regeneration, new myofibers con-
tained the lineage label, similarly indicating derivation fromdiffer-
entiated muscle cells. Surprisingly, the authors found opposing
results in axolotls using a similar fate-mapping technique. In
this species, whereas myofibers underwent morphological
changes at the amputation plane, contributions to the regener-
ated limb were not detected. Instead, the authors found that
PAX7+ cells are abundant in the axolotl blastema, much more
so than in the newt blastema, making satellite cells a clear candi-
date cell type as the main source of regenerated muscle in
axolotl limbs (Figure 1B). Thus, there appear to be unexpected
fundamental differences in the origins of blastemal cells and re-
generating tissue between two salamander species. It will be
critical, as the authors point out, to directly mark and trace the
endogenous satellite cell populations in axolotl and newts using
the most rigorous possible methodology to determine the scope
of their contributions. These intriguing findings route conversa-
tion to perhaps the most common question surrounding limb
regeneration—why is it limited to a group of vertebrate species?
Although the capacity for limb regeneration is unique to sala-
manders among tetrapods, selective pressures appear to have
forged distinct paths in two species to maintain high regenera-
tive potential. Mammals had other evolutionary priorities, but
these studies imply that reawakening an ancestral program for
regenerating complex muscle from an appendage stump has a
flexible entry point that could include manipulation of the
Figure 1. Two Salamander Species Differ in
the Cellular Origin of Regenerated Limb
Muscle
(A) The newt (Notophthalmus viridescens) re-
generates muscle after limb amputation, at least in
part through the fragmentation and proliferation of
mononuclear cells (red) derived from existing
myofibers. PAX7+ satellite cells appear to be an
insignificant source of blastemal tissue.
(B) Existing myofibers are a minor component of
muscle regeneration in the axolotl (Ambystoma
mexicanum). Instead, PAX7+ satellite cells (green)
are abundant, broadly distributed in the limb
blastema, and a prime candidate for the major
source of new muscle.
Concepts based on Sandoval-Guzma´n et al.
(2014).
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dedifferentiation.
Finding and Following the Blueprint
Defining the origins of blastemal cells enables focused questions
on how patterning information is handled during regeneration.
Whether amputation occurs at the shoulder or the digit level,
source cells locally maintain or quickly acquire coordinates to
replace size and shape, a process typically referred to as posi-
tional memory (reviewed by Nacu and Tanaka, 2011). Models
for how PD identity is acquired during initial formation of the em-
bryonic limb have evolved over the past 40 years (Duboc and Lo-
gan, 2009; Towers and Tickle, 2009; Zeller et al., 2009). Recent
experiments using heterotopic and recombinant limb tissue
grafts indicate that skeletal patterning is determined by diffusible
signals in the proximal (flank) and distal (apical ectodermal cap)
regions acting on the growing appendage, as opposed to a
mechanism of cell-autonomous PD determinants within limb
bud cells (Cooper et al., 2011; Rosello´-Dı´ez et al., 2011).Whether
cells in adult salamander limb blastemas are similarly specified in
a progressivemanner based on proximity to signaling centers, or
instead sort into PD zones prior to growth and differentiation, has
been for years a subject of debate.
Given that the same patterning factors have been implicated in
mechanisms of limb development and regeneration, a shared
mode of PD specification is the most conservative model. Yet,
multiple experiments have suggested that a portion of early blas-
temal cells quickly acquire digit tip identity. For instance, DNA
electroporation-based labeling of distal portions of early blas-
temas tracked specifically to hand regions, and these contribu-
tions shifted to upper arm identities when the putative proximal-
izing factor Prod1 was introduced (Echeverri and Tanaka, 2005).
These results were consistent with amechanism of intercalation,
with distally specified blastemal cells assisting the specification
and regeneration of the intermediate limb region from the stump.
A recent study by Roensch and colleagues used simple, elegant
immunostaining for HOXA proteins to argue that instead, regen-
erating axolotl limbs progressively acquire patterning signals to
recreate the proximal to distal pattern (Roensch et al., 2013).
During vertebrate limb development, upper arm progenitors
are marked by a HoxA9+ HoxA11 HoxA13 signature; lowerarm progenitors are HoxA9+ HoxA11+ HoxA13; and hand pro-
genitors are HoxA9+ HoxA11 HoxA13+ (Gardiner et al., 1995).
The authors assessed localization of HOXA9, HOXA11, and
HOXA13 protein during axolotl limb regeneration at various
amputation levels and days postinjury and found that regenera-
tion recapitulated these signatures. HOXA9 protein was ex-
pressed in virtually all early blastemal cells, whereas HOXA13
levels remain low or undetectable until they appear in the distal
regions of medium- to late-bud stages of upper arm blastemas
and earlier in hand blastemas. Transplantation of transgenically
labeled blastemal cells was also consistent with a mechanism
of progressive proximal-to-distal specification. It remains to be
determined how this model reconciles with the electroporation
results that indicated early distal cell specification in the blas-
tema. The kinetics and spatial determinants of regeneration,
including PD specification, are a function of animal and limb
size. Thus, these assays would best be performed and
compared directly in size-matched animals. Moreover, Kragl
et al. (2009) found that cartilage removed from hand structures
that had been transplanted into the upper arm and stabilized in
the skeleton preferentially contributed to distal structures during
regeneration. These results suggest that transplanted distal
cartilage and perhaps other cells can retain a memory of distal
position throughout blastema formation and regeneration. In
these experiments, distal HOXA signatures might be maintained
in donor cells amid a sea of neighbors expressing proximal
markers within the blastema, wherein intrinsic factors predomi-
nate over local environmental cues.
There is a limited understanding of positional memory at the
molecular level. The study of positional identity in insect imaginal
discs or vertebrate embryonic limb buds has a strong history (Es-
tella et al., 2012; Towers and Tickle, 2009; Zeller et al., 2009), and
regeneration must incorporate these concepts and mechanisms
while enacting an abrupt switch from day-to-day adult tissue
function. Past studies have found that adult mammalian fibro-
blasts have unique, position-dependent properties and/or mo-
lecular profiles, despite indistinguishable morphologic appear-
ance (Chang et al., 2002; Driskell et al., 2013; Rinn et al.,
2006). The ability to detect and interpret these molecular differ-
ences increases with the application of powerful single-cell tran-
scriptome sequencing technologies (Kalisky et al., 2011; ShapiroDevelopmental Cell 29, April 28, 2014 ª2014 Elsevier Inc. 141
Figure 2. Adult Zebrafish Pectoral Fins Maintain Region-Specific
Profiles of Patterning Transcription Factors throughout Life
(A) Top view of the zebrafish (Danio rerio). Each of the five fin types can
regenerate completely after injury. The pectoral fin is highlighted, with its
orientation marked as A (anterior) and P (posterior).
(B) Left: White shading in bars represents higher expression levels of the
respective genes along the anteroposterior (AP) axis of pectoral fins, with
lower expression levels proportionately fading to black. Each ray along the AP
axis maintains a unique signature of different levels of alx4a, lhx9a, id4, pax9,
tbx2a, hoxc8a, hoxd11a, hoxd13a, and hand2 in osteoblasts, fibroblasts, and/
or other cell types. Right: Such expression signatures are represented by
unique colorations for each ray in this image. These signatures are retained
during injury-induced regeneration, making this regulation a strong candidate
to contribute to memory of position and restoration of pattern (Nachtrab et al.,
2013).
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ing of cell diversity in vertebrate tissues.
Maintaining unique molecular signatures in otherwise similar
cells is most likely an important component of howmemory is re-
tained and pattern is reestablished during appendage regenera-
tion. Related to this, a recent study assessed potential compo-
nents of positional information in regenerating zebrafish fins by
sequencing transcriptomes from different AP regions of unin-
jured zebrafish pectoral fins (Nachtrab et al., 2013). Interestingly,
many genes maintained sharp differences in expression along
the AP axis, including several transcription factors like hand2
and alx4a that are known to be involved in AP patterning of em-
bryonic limb buds. In effect, each ray of a pectoral fin has a
unique signature of these patterning factors, and they retain
these signatures throughout life and injury-induced regeneration
(Figure 2). hand2, a posterior-restricted factor, and alx4a, an
anterior factor, were localized to fin fibroblasts and osteoblasts,
and their endogenous expression did not overlap in individual
cells. Additionally, transgenic hand2 overexpression in zebrafish
pectoral fins caused moderate changes in the regeneration of
anterior fin rays consistent with posteriorization, and it influ-
enced bone mineralization (Nachtrab et al., 2013). Positional
memory is a complex phenomenon, and there may be very few
molecular factors that hold a trace of adult pattern and canmark-
edly change regenerative pattern when induced or inhibited on
their own. Together, these results indicated that differential
maintenance of key AP patterning factors has a functional role
in positional memory of appendages with high regenerative ca-
pacity. Future work can continue to assemble targets of these142 Developmental Cell 29, April 28, 2014 ª2014 Elsevier Inc.transcription factors in adult fin cells and work upstream of these
factors to identify a regulatory hierarchy of positional memory.
Terminating Construction
As PD shape is recovered, the regenerative program slows and
stops, returning the reins to a more familiar routine of day-to-
day homeostatic maintenance. How regeneration ends and
achieves proper size is as provocative a question as how it be-
gins, although it has received considerably less research atten-
tion. Under debate is whether specific termination signals acti-
vate, or whether instead, all information is retained in positional
information that exists or is rapidly established at the onset of
regeneration. The dearth of effective manipulations of regenera-
tion to produce relevant phenotypes in this regard has limited
material for this debate.
It is important to recognize that specific mechanisms of size
determination are likely to differ between fins and limbs based
on their differing modes of construction from the blastema
mentioned in the Introduction. The regenerating salamander
limb is patterned as a small-scale structure that grows quickly
to match the size of the contralateral limb, whereas the regener-
ating zebrafish fin adds distal bone segments until ray lengths
are restored. Fundamental concepts are likely shared, however.
For instance, a well-appreciated theme observed in many con-
texts is that shoulder-level amputation injuries in amphibian
limbs regenerate in approximately the same total time as digit-
level amputations. In zebrafish, 75% fin amputations regenerate
approximately twice as rapidly as 25% amputations, acceler-
ated events that correlate with higher expression of growth pro-
grams like Fgf signaling (Lee et al., 2005). Thus, the rate of regen-
eration is molecularly linked to the PD identity of cells at the
amputation site.
Size completion mechanisms for regeneration are likely to
overlap considerably with size determinants for initial embryonic
appendage morphogenesis. Yet, scale and starting materials
differ between these two contexts, making it likely that there
are also molecular distinctions. Appendages grow along with
the animal proper throughout postembryonic life and, in many
lower vertebrate species, throughout much of adult life. While
investigation of late larval, juvenile, or adult growth regulation
could be comparatively more informative for regenerative size
control (Gupta et al., 2013), these more gradual size increases
are possibly more challenging to study than regeneration itself.
Retinoic acid (RA) is arguably the only developmental factor
known to markedly lengthen the PD axis of the regenerated sal-
amander limb (Maden, 1982; Stocum and Thoms, 1984; Thoms
and Stocum, 1984). Transient bath application of RA will convert
a wrist blastema into an upper arm blastema, and in doing so in-
structs cells to acquire more proximal identities (Maden, 1982;
Mercader et al., 2005). Thus, size-matching or termination of
regeneration per se is not likely the principal target of RA manip-
ulation. RA treatment has the effect of altering expression of the
genes Prod1 and Meis1/2 (Kragl et al., 2008; Mercader et al.,
2005); yet, how endogenous RA influences PD pattern or growth
rates remains at many levels unclear. In regenerating zebrafish
fins, endogenous RA signaling has been shown to control blas-
temal proliferation through interactions with Wnt/b-catenin and
Fgf signaling pathways (Blum and Begemann, 2012). By contrast
with salamanders, brief treatment with RA has not been shown to
Figure 3. Calcineurin Is a Regulatory Target for Completion of
Regeneration
(A–C) Model for how Calcineurin activity controls regeneration, based on
concepts from Kujawski et al. (2014). Shown are caudal fins, which have a
dorsal lobe (top) and a ventral lobe (bottom). (A) Following amputation, a
regenerative growth program, represented in green, initiates. As part of this
program, FK506 binding protein (FKBP) levels increase at 3 days post-
amputation (dpa) while Calcineurin phosphatase activity is limited. (B) As the
regenerating fin reaches its final pattern, Calcineurin activity levels increase,
which in turn helps to slow and terminate regenerative growth. The regions and
signals in which regenerative growth has terminated are represented in red. (C)
Under continuous treatment with FK506, Calcineurin activity remains inhibited,
the regenerative growth program continues, and the duration of regenerative
growth is extended.
(D) Relative gene expression levels associated with regenerative growth
(green) or termination and return to homeostasis (red) in (A)–(C).
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structures are restored.
In fact, while some manipulations have boosted blastemal
proliferation or accelerated the growth rate in regenerating fins
(Lee et al., 2009; Stoick-Cooper et al., 2007; Yin et al., 2008),
there have (until very recently) been no reports of methodology
to restore fin structures that are grossly larger than the originals.
However, several well-studied zebrafish mutants show hyperac-
tive appendage growth, producing fin structures that are exag-
gerated in length. long fin (lof), rapunzel (rap), and another long
fin (alf) are each caused by a different dominant mutation and
impact fin length by more frequent addition of segments (lof
and rap) (Goldsmith et al., 2003) or longer segments (alf) (Sims
et al., 2009). The rap phenotype is caused by a gain-of-function
mutation in a novel gene, from which it remains unclear howovergrowth results (Green et al., 2009). New insight has come
from work by Perathoner and colleagues, who reported recently
that the alf mutation alters the function of Kcnk5b, a two-pore
domain potassium channel that controls membrane potential
and cell excitability (Perathoner et al., 2014). The alfmutation in-
creases Kcnk5b conductance and hyperpolarizes cells, and
transgene mosaicism experiments indicated that fin intraray
fibroblasts are the cellular target of effects on segment growth.
Themammalian homolog of kcnk5b has been implicated in regu-
lating cell proliferation, and alf mutants show increased fibro-
blast proliferation during regeneration. However, how this potas-
sium channel, and potentially other ion channels, regulate fin cell
proliferation or in other ways establish size remains unclear. It is
significant that ion flux has now been implicated in several exam-
ples of tissue regeneration (Adams et al., 2007; Beane et al.,
2013; Tseng et al., 2010; Yoo et al., 2012).
Recently, Kujawski and colleagues observed that continual
treatment with inhibitors of activity of the protein phosphatase
Calcineurin caused excessive regenerative outgrowth in zebra-
fish caudal fins, creating grossly enlarged structures (Kujawski
et al., 2014). Cyclosporin A and FK506, which block Calcineurin
activity through distinct mechanisms, each showed this effect,
whereas immunosuppressants like Rapamycin or Celastrol that
act through other targets did not extend regeneration. FK506
binds to FK506-binding proteins (FKBPs) to complex with Calci-
neurin, and the authors showed that several FKBPs are induced
during fin regeneration. Importantly, they observed that endoge-
nous Calcineurin phosphatase activity in regenerating fin tissue
increases gradually as final size and shape is recovered. These
results indicate that Calcineurin is a component of a mechanism
that slows or stops the regenerative process (Figure 3). Strik-
ingly, FK506 treatment not only influenced regeneration, but
also stimulated induction of growth markers, cell proliferation,
and/or obvious growth in the absence of injury for each of the
five fin types in juveniles and even adult animals, with no notice-
able effect on body size.
Many questions arise from this work. Most fundamentally,
does Calcineurin activity somehow maintain positional identity
in fin cells, or does it act more directly in a formal cessation
mechanism to directly control cell proliferation? Alternatively,
the authors propose that Calcineurin represents a regulatory
switch between allometric (disproportionate, regenerative) and
isometric (proportionate, homeostatic) growth, which might sug-
gest a role in somehow size-matching regenerating structures to
other tissues. Related to this, how is Calcineurin regulated, and
what are its targets as fin regeneration progresses along the
PD axis and in the absence of injury? The authors show evidence
that RA signaling may be a direct or indirect target of Calcineurin
activity, and it will be interesting to examine whether Calcineurin
and ion flow somehow interact as is suggested in other contexts
(Czirjak et al., 2004). Finally, could Calcineurin activity possibly
be a regulatory axis for growth control that acts in other models
such as patterning in regenerating salamander limbs or in the
regenerative programs of other tissues? It should be noted that
Calcineurin may now be added to a growing list of inhibitory sig-
nals key to proper regeneration that includes secreted Wnt
signaling inhibitors (Kang et al., 2013; Stoick-Cooper et al.,
2007) in addition to more-often-studied positive regulators.
These negative regulators can now be incorporated intoDevelopmental Cell 29, April 28, 2014 ª2014 Elsevier Inc. 143
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control during fin regeneration (Rolland-Lagan et al., 2012; Stew-
art et al., 2014; Wehner et al., 2014).
Perspectives
Evolved research tools are enabling appendage regeneration
research to address more precisely the key questions about
how pattern is restored after injury. While axolotls and zebrafish
have received a recent boost from transgenic technologies, new
genome-editing approaches are adaptable to a wide array of
model systems as well as exotic species. New applications
can build on the results of studies mentioned in this review to
incorporate additional, somewhat overlooked regulatory interac-
tions. These include, for example, the influence by distant tis-
sues on size and pattern of a regenerating appendage through
circulating factors. Other regulatory interactions to be explored
in better detail include how chromatin modifications near key
genes impact tissue regeneration, regulation that is critical for
control of differentiation in stem cells (Chen and Dent, 2014).
Even in a time of major progress in stem cell biology, regener-
ation of a human arm or leg remains a subject for science fiction.
In the coming years, we shall have a better opportunity than ever
to judge how deciphering mechanisms of lower vertebrate
appendage regeneration will help to build a foundation for this
important goal.
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